Minority carrier lifetime in iodine-doped molecular beam epitaxy-grown HgCdTe The minority carrier lifetime in molecular beam epitaxy grown layers of iodine-doped Hg 1Àx Cd x Te (x $ 0.3) on CdZnTe substrates has been studied. The samples demonstrated extrinsic donor behavior for carrier concentrations in the range from 2 Â 10 16 cm À3 to 6 Â 10 17 cm À3 without any postgrowth annealing. At a temperature of 77 K, the electron mobility was found to vary from 10 4 cm 2 / V s to 7 Â 10 3 cm 2 /V s and minority carrier lifetime from 1.6 ls to 790 ns, respectively, as the carrier concentration was increased from 2 Â 10 16 cm À3 to 6 Â 10 17 cm À3 . The diffusion of iodine is much lower than that of indium and hence a better alternative in heterostructures such as nBn devices. The influence of carrier concentration and temperature on the minority carrier lifetime was studied in order to characterize the carrier recombination mechanisms. Measured lifetimes were also analyzed and compared with the theoretical models of the various recombination processes occurring in these materials, indicating that Auger-1 recombination was predominant at higher doping levels. An increase in deep-level generation-recombination centers was observed with increasing doping level, which suggests that the increase in deep-level trap density is associated with the incorporation of higher concentrations of iodine into the HgCdTe. V C 2015 AIP Publishing LLC.
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HgCdTe-based infrared (IR) detectors have wideranging applications in various defence and civilian sectors due to their superior performance resulting from high optical absorption coefficient, high carrier mobility, long minority carrier lifetime, and corresponding high responsivity. Among these electronic parameters, minority carrier lifetime is one of the primary factors that determine device performance, due to its direct impact on quantum efficiency. In HgCdTe materials, the minority carrier lifetime is a function of material chemical composition, defect types and density, conductivity type, and carrier concentration. Some work has been undertaken to study the minority carrier lifetime in indium (In) doped n-type HgCdTe, and Lopes et al. have reviewed the data on lifetime reported in In-doped longwavelength IR (LWIR) HgCdTe materials.
1 At carrier concentrations up to 5 Â 10 15 cm
À3
, the lifetime was observed to range from 0.4 ls to 8 ls, depending on the chemical composition of the material and the defects therein. [2] [3] [4] Recent measurements of minority carrier lifetime reported by Swartz et al., ranging from 2.5 ls to 5 ls in LWIR HgCdTe materials, suggest that the lifetime is limited by defects. 5 This is due to the low carrier concentration in these reported samples ($10 15 ), such that the minority carrier lifetime was dominated by the Shockley-Read-Hall (SRH) recombination mechanism (trap-assisted), whereas the Auger and radiative recombination mechanisms were less effective.
It is worth noting that in contrast to the studies reporting on minority carrier lifetime in In-doped HgCdTe, very limited data are available for iodine-doped HgCdTe. Ross investigated iodine doping in HgCdTe by direct alloy growth (DAG) using metal-organic chemical vapour deposition (MOCVD). 6 They reported that the memory effect during MOCVD growth using iodine doping was $100 times lower than for indium doping. Also, the diffusion coefficient for iodine was reported to be <1 Â 10 À13 cm 2 /s, which is significantly lower than the 10
À11

-10
À10 cm 2 /s reported for indium. 7, 8 Therefore, iodine provides an effective n-type dopant for growing HgCdTe heterostructures requiring abrupt p-n junction or doped-undoped concentration profiles, such as n-type-Barrier-n-type (nBn) HgCdTe detector structures. The electron concentration at 77 K is linearly proportional to the dopant partial pressure from 5 Â 10 15 to 2 Â 10 18 cm
À3
. This doping range is as wide as that of indium doping. In this work, we present a study on the minority carrier lifetime in iodine-doped n-type mid-wave IR HgCdTe materials grown by molecular beam epitaxy (MBE). The minority carrier lifetime was found to decrease with increasing doping concentration and, based on the temperature dependent behaviour of minority carrier lifetime, the dominant carrier recombination mechanisms were also analysed for different doping levels.
Single layers of HgCdTe were grown on CdZnTe substrates in a Riber 32P MBE system. The HgCdTe layers were doped in situ with iodine during the MBE growth process using a CdI 2 precursor. To investigate the effect of doping concentration on the minority carrier lifetime, three samples, A, B, and C, with different doping concentrations, were grown using different temperatures for the CdI 2 dopant cell. The doping details and material characteristics of samples A, B, and C are summarized in Table I 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 130.95.223.120 On: Mon, 05 Dec measured using the photoconductive decay technique. Note that no post-growth annealing or surface passivation layer were applied on any of the samples. In all cases, based on the known laser power, for photoconductive decay measurements, beam spot size, sample layer thickness, and delay time, the calculated excess carrier concentrations was kept well below 5 Â 10 14 . 9 Hence, it was assumed that low-level injection conditions were satisfied and, thus, the injection level did not influence the measurements. To avoid sweepout effects, the sample biasing was kept low (300 mV), and all photoconductive decay curves were fitted exponentially to obtain the minority carrier lifetimes. 10 Several different recombination mechanisms determine the photogenerated minority carrier lifetime in n-type HgCdTe, such as Auger, radiative, and Shockley-Read-Hall mechanisms, which have been discussed extensively in the literature. 9, [11] [12] [13] [14] [15] [16] We have applied these mechanisms to model the lifetime for minority carriers in our samples with relevant equations taken from the standard literature. 10 The measured minority carrier lifetime, carrier mobility, and other material parameters for the iodine-doped HgCdTe layers in samples A, B, and C are summarized in Table I . The carrier concentrations were extracted from the measured Hall coefficient data under varying magnetic field: that is, from À2 to 0 T and from 0 to 2 T.
The extracted lifetime values, from the temperature dependent photoconductive decay measurement results, are illustrated in Fig. 1 for the three investigated samples with varying iodine electron concentration. Generally, the three samples present long minority carrier lifetimes at low temperatures. As the temperature is increased from 77 K, minority carrier lifetime first increases slightly and then decreases exponentially at higher temperatures. For example, for sample A, the minority carrier lifetime increases from 1.6 ls at 77 K to 1.9 ls at 150 K, and then decreases exponentially to 75 ns at 250 K. Such a temperature-dependent behaviour for minority carrier lifetime is quite typical for direct band gap materials like HgCdTe. 17, 18 As the temperature is increased, the intrinsic carrier concentration increases with increasing temperature, thus reducing the Auger lifetime. At low temperatures, the temperature-independent lifetime is due to a combination of Auger and/or SRH scattering. The small increase in lifetime for the mid-temperature range is due to a shift in the Fermi level (E f ) relative to the energy levels of the dominant traps associated with SRH recombination. Since SRH levels tend to follow the valence band with an increase in temperature, whereas E f moves toward the conduction band, this results in a decrease in the SRH recombination rate and a slight increase in minority carrier lifetime. At higher temperatures, the lifetime decreases exponentially due to the dominance of Auger-1 recombination, as observed in Figure 1 .
As expected, the lifetime was found to decrease with increasing carrier concentration in samples B and C. The behaviour of the lifetime vs temperature for various concentrations of iodine in HgCdTe samples A, B, and C is shown in Figure 1 . At 77 K, the lifetime decreased from 1.6 ls to 750 ns when the carrier concentration increased from 2.12 Â 10
16 cm À3 to 6 Â 10 17 cm
À3
. In order to determine the dominant recombination mechanisms, the effective total minority carrier lifetime in HgCdTe was modelled by taking into account the following mechanisms: Auger recombination (s Auger ), Shockley-Read-Hall recombination (s SRH ), and Radiative recombination (s Radiative ): 1/s total ¼ 1/s radiative þ 1/s Auger þ 1/s SRH . 9, 12, [14] [15] [16] The value of the overlap integral jF 1 F 2 j was taken as 0.15. 19 As a representative example, Fig. 2 shows the modelled and experimental data for the investigated sample A. Generally, the band-toband recombination lifetime (s Auger and s Radiative ) is a strong function of temperature, due to both mechanisms being inversely proportional to the square of intrinsic carrier concentration. As the temperature is increased, the free electron density remains essentially constant initially, but then increases rapidly in the intrinsic regime. At higher temperatures, Auger recombination is the dominant process due to the high carrier density, which causes a rapid decrease of minority carrier lifetime. However, the lifetime data for these HgCdTe layers cannot be explained by only band-to-band recombination processes, since it is necessary to include SRH recombination mechanism to obtain a good fit to the experimental data. Results show that for the lower carrier concentration in sample A, SRH recombination processes become important in addition to the band-toband Auger-1 process. Typically, as-grown HgCdTe layers contain Hg vacancies and, consequently, some level of compensation exists which could play an important role in the SRH recombination process. Inevitably, such Hg vacancies exist in all three investigated samples, but their impact on minority carrier lifetimes in samples B and C is limited due to the relatively high carrier density and, consequently, shorter Auger lifetime. The SRH limited lifetime is predominant in the extrinsic temperature range, whereas Auger lifetime becomes progressively more important in the intrinsic temperature range. At higher temperatures, parallel combinations of SRH and Auger-1 recombination cause lifetimes to decrease exponentially with increasing temperature. The results indicate a significant dependence of Auger lifetime on the Fermi level, which is heavily affected by temperature and carrier concentration, and also affected considerably by the position of the extrinsic impurity energy level in the forbidden gap. Lifetime data from Kinch and Buss have indicated that the defect level is at 30 meV above the valence band, 20 whereas other researchers have argued that the defect level is slightly deeper. 21 In our case, lifetime data on HgCdTe show a best fit to calculations when the dominant recombination centre is assumed to be 0.42Eg above the valence band. 22 A significant difference in the dominant recombination mechanisms was observed between the three samples, as shown in Fig. 3 . Only the charge neutral defects with defect energies near the Fermi level and with low formation energies were considered when modelling s SRH . The Te-antisite (Te Cd ) has two defect levels near mid-gap. 23 Similar to CdTe, HgCdTe is grown under tellurium rich conditions and has formation energy of almost 1 eV. Therefore, it is very likely that a significant concentration of Te Cd defects will be created when the growth is under Te rich conditions. Defect densities and capture cross sections for holes and electrons were extracted by fitting with experimental lifetime data and are presented in Table II .
In addition to Te-related and native vacancy defects, it is reasonable to expect that at higher doping levels, iodine atoms may form complexes with other impurity atoms or Te interstitials and other point defects. This defect formation has been explained in another paper, where structural aspects of these samples were studied. 24 All of these complexes could act as SRH recombination centres if they have welldefined energy levels within the band gap. Consequently, HgCdTe materials with higher iodine concentration would be expected to have a shorter SRH lifetime. Pines and Stafsudd showed that an acceptor recombination centre limits the photoconductive lifetime of HgCdTe when SRH lifetime dominates the Auger lifetime.
14 Fig. 4 clearly indicates that at 77 K, SRH dominates for low doped samples.
The trap density extracted by fitting the modelling results in the experimental photoconductivity data, correlated with the etch pit density (EPD) measurements that were performed on samples A, B, and C as shown in Table II . The EPD was found to increase in a well behaved manner with carrier concentration. Fig. 5 shows minority carrier lifetimes measured at 77 K as a function of EPD values for the three samples. It can be clearly seen that lifetime decreases with increasing EPD, with a relationship s / 1/EPD. This implies that if a low doping can be achieved, it is possible to grow material with a low SRH trap density. This inverse relationship between carrier concentration and EPD, and with the trap densities obtained by SRH modelling, clearly indicates that higher doping is associated with the introduction of additional SRH recombination centres, such as vacancies, antisites, impurities, or complexes. Also, Auger lifetime depends on the position of the Fermi level which, in turn, is also affected by dopant concentration, temperature, and position of the deep trap levels in the band gap.
In addition, it is noted that the investigated samples were not surface passivated, which may result in the surface properties being different from those of the bulk. The presence of any negative surface charge would lead to depletion/ inversion of the surface, resulting in enhanced surface recombination.
Iodine acts as a promising n-type dopant in HgCdTe lattice. It is proven to have a low diffusion coefficient because it belongs to group VII and it substitutes Te lattice sites when introduced into HgCdTe. It has a very small memory effect as compared to indium, which dedicated to high vapor pressures of its precursors. The thermal stability of Iodine is much better than that of indium and hence a better alternative in heterostructures such as nBn devices. In this work, we have studied minority carrier lifetime in iodine-doped HgCdTe layers (x $ 0.3) grown by MBE. We have achieved well controlled in-situ extrinsic n-type doping over a wide range of concentrations during MBE growth of HgCdTe. The iodine doped HgCdTe layers demonstrate carrier mobility as high as 1 Â 10 4 cm 2 V À1 s À1 and minority carrier lifetime as long as 1.6 ls without any post-growth annealing. The effect of increasing carrier concentration was also investigated. It was found that minority carrier lifetime at low temperatures was limited by SRH recombination for comparatively low doping levels, while the Auger recombination mechanism limited lifetime in samples with higher carrier concentration. However, SRH still plays an important role, even at higher carrier concentration levels. More work is required before an unambiguous interpretation of the photogenerated minority carrier lifetime in iodine doped HgCdTe grown by MBE will be possible. of Western Australia is gratefully acknowledged. Facilities used in this work are supported by the WA node of Australian National Fabrication Facility (ANFF).
